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Using a virtual reality powermobility device
simulator to assess the driving skills of
people with brain diseases

Namwoo Kwon1, Myung Joon Lim2, Ilki Hong3* and Hyoung Seop Kim1*

Abstract

Introduction: No previous study has explored the effectiveness of current prescription standards for evaluating power
mobility device (PMD) maneuverability. To verify the current prescription standards for PMDs using a virtual reality (VR)-
based PMD simulator and to present the possibility of using a VR-based PMD simulator as an alternative to current
evaluation standards.

Methods: A total of 52 patients with brain diseases were enrolled. All participants were over 18 years old and had gait
disturbance or limited outdoor walking ability. Participants performed a driving ability test using a VR PMD simulator.

Results: The driving ability test using the VR PMD simulator indicated that cognitive impairment, measured by the K-MMSE
(p = 0.017), and unilateral neglect, measured by line bisection (p = 0.031), led to reduced driving ability and safety. In
addition, patients with cognitive impairment or neglect presented driving stability problems, which were observed in the
driving trajectory. There was also no correlation between driving scores and MBI subitems.

Conclusion: In patients with brain lesions, a driving ability test using a VR PMD simulator can be a safe, objective method
for comprehensively evaluating a driver’s capacity, offering an alternative to the current prescription standards for PMDs.
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Introduction

Mobility impairment is a common sequela of brain diseases
such as cerebral stroke, traumatic brain injury, and cerebral
palsy.1–3 It can restrict an individual’s social participation
and quality of life. Many individuals with mobility im-
pairment use assistive devices such as walking sticks, an-
terior walkers, or manual wheelchairs. People with more
significant physical disabilities who cannot independently
operate manual assistive devices and those who wish to
cover longer distances need power mobility devices (PMDs)
such as power wheelchairs (PWCs) and scooters.4 PMDs
can improve the quality of life of people with disabilities by
helping them participate in the community.4–7

In 2019, around 2,619,000 people were registered with
the National Disability Registration System (NDRS) of the
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Republic of Korea. This is about 2.7 times more than in
2000 and accounts for about 5.1% of the country’s total
population of 51,849,861.8 The Korean Ministry of Health
and Welfare expanded health insurance coverage for PMDs
in February 2008.9 Since then, the supply of PMDs has
steadily increased every year; About 130,000 units were
distributed from 2008 to 2016, and 14,566 units were
distributed in 2016 alone.9 Considering the expansion of
disability categories and the increase in the number of
registered persons in the National Disability Registration
System due to various national policies to support the
disabled, along with the higher aging rate of this population,
the demand for PMDs is likely to continue to increase in the
near future. As a result, there is a risk of increasing so-
cioeconomic costs associated with providing PMDs to the
disabled.

The current PMD prescription standards (Supplementary
Table 1) include an assessment of independent walking
ability or distance, the upper limb manual muscle test
(MMT), the Korean-Mini Mental Status Examination
(K-MMSE), and the modified Barthel Index (MBI). Al-
though visual perception is also important for operating a
PMD,10 evaluations of visual field defects and neglect have
not been included in the prescription standards. The current
criteria (Supplementary Table 1) stipulate that “the mini-
mum traffic rules must be understood,” “the devices can be
operated smoothly,” and “PMD can be prescribed in the
case of being judged suitable through MBI evaluation.”
Apart from a K-MMSE score of at least 24 points and
possession of a driver’s license, there are no cut-off values
that connect upper extremity function or MBI scores to the
ability to operate a PMD. Furthermore, no previous study
has evaluated whether the current criteria effectively
measure a person’s ability to maneuver a PMD. For patients
who obtained a driver’s license before the onset of brain
disease, possession of the license may not reflect their
current driving ability because brain diseases can impact
cognitive function. In addition, an electric wheelchair can be
prescribed for patients with MMT grade 3 or lower ac-
cording to the Medical Research Council (MRC) standards,
and an electric scooter can be prescribed for those with a
grade of 4 or higher. There have been conflicts between
physicians and their patients who want specific types of
PMDs because the same individual may be assessed as
grade 3 or grade 4 by different testers.

Therefore, a more objective, systematic patient assess-
ment system for PMD prescriptions is needed. A virtual
reality (VR) computer simulation can be used to perform
assessments in a relatively safe environment. Such a sim-
ulator can create various driving environments and enable a
quantitative evaluation of a patient’s driving skills.1,11–16 In
this study, we hypothesized that the ability to operate a VR-
based PMD simulator reflects the participant’s real ability to
operate a PMD. By comparing current PMD prescription

standards with participants’ ability to operate the VR PMD
simulator, we aimed to verify the current PMD prescription
standards and to present the possibility of a VR PMD
simulator as an alternative to current evaluation methods.

Methods

Participants

We enrolled participants who met the inclusion criteria from
patients who visited the outpatient clinic of the rehabili-
tation department of our medical training center or who
received inpatient rehabilitation treatment at our hospital
fromMarch to October 2021. A total of 52 participants with
brain diseases including stroke, traumatic brain injury
(TBI), and cerebral palsy were enrolled. All participants
took part in a simulator driving test. All included patients (1)
were over 18 years old and diagnosed with brain diseases,
(2) had gait disturbance or limited outdoor walking ability,
(3) understood the aim of this study and were able to agree
to participate. This study was approved by the Institutional
Review Boards of the National Health Insurance Service,
Ilsan Hospital. All participants provided informed consent.

Equipment

The VR PMD simulator is a device that can simulate the
driving environment of a PWC or a scooter (Figure 1).
Electric scooters are operated via handlebars; PWCs are
operated with a joystick. The handlebar for scooter mode in
the simulator includes a grip force sensor, a haptic device, a
horn, an ignition key, a speed programmer, a turn indicator,
a headlight switch, and a forward/reverse/acceleration/de-
celeration lever. The joystick controller for PWC mode
includes a four-way joystick controller, a power switch, and
an acceleration/deceleration control button. It can be ad-
justed for left-handed or right-handed use. The grip force
sensor on the handlebar can measure hand grip strength and
the difference in grip strength between the user’s hands
(Figure 1). Two VR driving course scenarios were devel-
oped: an indoor virtual driving course (practice version)
(Supplementary fig. 1) and an outdoor virtual driving course
(test version). The outdoor course includes a range of ob-
stacles and situations to assess the user’s ability to operate
the PMD. The test road is 1.8 mwide, and the test consists of
a total of 13 sections. The user must start the device, execute
a 90-degree turn, navigate an S-shaped continuous curve,
cross a highland crosswalk (a crosswalk with a speed
bump), execute a zigzag, execute a P-turn, navigate a
T-shape, and stop quickly from maximum speed (sudden
stop at a red traffic light while driving at full speed). These
tasks must be accomplished on various types of paved road
surfaces (Figure 2). A total score of 100 points is possible;
two points are deducted for each negative event, including
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Figure 1. (A) System configuration and (B) operating modules of power mobility device simulator. (B) Handlebar for electric scooter
mode and joystick controller for power wheelchair mode.
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course deviation, sudden acceleration/deceleration, sudden
yawing, and overrunning the allotted time to complete the
course (Supplementary Figure 2). To quantitatively and
qualitatively evaluate each driver’s skill, both the results of
the test and actual driving trajectory were automatically
stored and analyzed for driving stability, including
straightness, degree of left–right deflection, and course
deviation.

Procedure

We collected data related used to current PMD prescription
evaluation tools from all participants. These data included
MMT, range of motion of the upper limbs, MBI, K-MMSE,
walking ability, and possession of a driver’s license. We
defined K-MMSE scores of 24 or higher to indicate almost
no cognitive impairment; a score of 17 or lower indicated
severe cognitive impairment.17 The severity of unilateral
neglect was assessed using the line bisection test; partici-
pants were then categorized as having normal, mild, or
severe neglect.18 The Korean version of the Western
Aphasia Battery (K-WAB) was used to measure the aphasia
quotient (AQ) in participants with suspected aphasia.19

After a physical and neurological evaluation, participants’
driving performance skills were evaluated using the VR
PMD simulator. Participants without severe muscle
weakness in the upper limbs (MRC grade 3 or higher) and

without a severe difference in strength between sides first
attempted the driving test with the electric scooter (han-
dlebar interface). Participants who could not operate the
handlebars due to severe weakness in the upper limbs
(below MRC grade 3) or to a severe difference in muscle
strength between sides performed the test using a PWC
(four-way joystick). The test included operating the han-
dlebar, turning the headlights on and off, using the turn
indicator, and using the forward/backward levers in re-
sponse to auditory and visual instructions. Participants were
then asked to complete a virtual outdoor driving course (test
version). To evaluate the effectiveness of the current pre-
scription standards, we compared the current PMD pre-
scription standards to the results of VR PMD simulator
driving test.

Statistical Analyses

Statistical analyses were performed using SPSS software
(version 23.0, SPSS Inc., Chicago, IL, USA). Descriptive
statistics were used to examine quantitative continuous
variables, including mean ± standard deviation and median
(interquartile range). For data that were not distributed
normally, the Mann-Whitney U test was used to confirm the
differences in the driving test results of between groups,
classified according to each variable. Among-group com-
parisons were made using the Kruskal-Wallis test. Post-hoc

Figure 2. Virtual reality driving course. (A) Top view. (B) Section 1 (start from standstill) and section 2 (90-degree turn).
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analyses were performed when the main effects were sig-
nificant. Correlations between MBI subitems and driving
test scores were explored using the Spearman test. For all
analyses, a p-value of <.05 was considered statistically
significant.

Results

A total of 52 patients completed the VR PMD simulator
driving test. Thirty-two of the participants had hemiparesis
(61.5%), and 20 (38.5%) had quadriparesis. The causative
disease analysis showed that 28 (53.8%) participants had
suffered a hemorrhagic stroke, 17 (32.7%) had suffered an
ischemic infarction, three (5.8%) had TBI, and four (7.6%)
had cerebral palsy or another cause. Forty-one participants
(78.8%) performed the driving test using the PWC mode;
the remaining 11 subjects used the electric scooter mode.
According to the Korean National Disability registration
criteria (Supplementary Table 2), 11 participants had mild
disabilities (grades 4 5), 33 participants had severe dis-
abilities (grades 1–3), and eight participants had not yet
been registered as disabled.

Table 1 shows the differences in driving test scores
according to participants’ gender, age, type of paralysis,
driver’s license status, K-MMSE, neglect, and AQ. There
were statistically significant differences in the driving scores
of the three groups divided by cognitive function (measured
using the K-MMSE and categorized as over 24, under 17,
and 18–23; p = .017) and by neglect (normal, mild, and
severe; p = .031). The Dunn procedure was used for the
post-hoc analysis; this revealed significant differences be-
tween groups based on K-MMSE scores (over 24 and under
17, over 24 and 18–23) and between participants with
normal and severe neglect based on line bisection.

We also investigated participants with suspected aphasia
because language impairment may affect cognitive func-
tion. Of the 52 participants, 14 participants with suspected
aphasia were tested using the K-WAB. Those with an AQ
score of 0–35 points on the K-WAB were categorized as
having very severe aphasia; three participants were included
in this group. Two participants with AQ scores of 36–
62 points were classified as having moderate to severe
aphasia; five participants with scores of 63–79 points were
classified as having mild to moderate aphasia; and two
participants with scores of 80–91 points were classified as
having mild aphasia. Three participants scored 92 points or
higher and were classified as normal. Finally, 11 participants
were assigned to the aphasia group. There was no statis-
tically significant difference between the aphasia group and
the normal group (Table 1). In addition, driving score had no
correlation with any MBI subitems (personal hygiene,
feeding, dressing toileting, ambulation, stair climbing, and
transferring) (Table 2).

Table 3 shows the differences in total elapsed time, driving
test score, and deducted points due to course time overrun,
course deviation, sudden acceleration/deceleration, and
sudden yawing according to K-MMSE scores and uni-
lateral neglect. Total lab time (p = .012), driving test score
(p = .017), driving time deduction (p = .023) and course
deviation deduction (p = .003) varied according to the
severity of the K-MMSE score; these differences were
statistically significant. Driving test score (p = .031) and
driving time deduction (p = .007) also varied according to
the severity of neglect; these differences were statistically
significant as well.

Discussion

The guidelines for prescribing wheelchairs and scooters
identify items that can confirm user capacity and perfor-
mance requirements as criteria. These include psychosocial
and behavioral status, cognitive and perceptual skills
(judgment, attention, decision-making, speed of informa-
tion processing, planning, and problem solving), sensory
impairments (vision, hearing, and the ability to identify
obstacles and avoid collisions, judge speed and distance,
and react quickly), upper limb capacity and risk of injury,
prescribed medications, illicit drug use, long-term need, and
cardiopulmonary functions.20

Cognitive impairment limits the use of electric mobility
devices.21,22 This study confirms that MMSE scores are
related to PMD driving skills. Participants with cognitive
impairment, that is, those with an MMSE score under 24,
had lower driving scores than participants in the normal
group (Table 3). For participants with cognitive impairment,
more points were deducted due to driving time overrun and
course deviation, and the total driving time was longer
(Table 3). In addition, these participants had poorer driving
stability, as shown on the driving trajectory graph
(Figure 3). The MMSE can evaluate cognitive function
relatively simply, but it also has some disadvantages; its
evaluative accuracy varies depending on factors such as the
patient’s educational background, age, and aphasia. Be-
cause this study included only a small number of partici-
pants, these findings may not indicate the appropriate
MMSE cut-off value for PMD use.

Along with motor skills and cognitive function, visuo-
spatial function impacts a patient’s ability to smoothly
operate a PMD.10 The neglect group received lower driving
test scores, and significantly more points were deducted due
to driving time overrun for this group than for the normal
group (Table 3). Furthermore, although these differences
were not statistically significant, the neglect group had more
deductions due to course deviation, sudden acceleration/
deceleration, and yawing; these participants also had longer
driving times (Table 3). In general, a higher number of
course deviations and sudden movements correlate with
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lower driving stability. Therefore, the neglect group had
more unstable characteristics than the normal group in terms
of driving stability and safety. These characteristics can also
be observed on the driving trajectory graph (Figure 3). If an
inappropriate prescription is given to patients whose driving
is unstable, the risk of PMD-related accidents may increase.

In this study, there was no correlation between aphasia
and driving assessment results (Table 1). However, aphasia
may limit patients’ ability to understand the traffic rules that
impact PMD operation.23 Of the 14 total subjects, five had
severe aphasia with an AQ of 62 or lower. All but one of
these scored over 90 points in the driving test, and all of

Table 1. Differences in driving test scores between groups according to gender, age, driver’s license, K-MMSE, neglect, and K-WAB.

Number Driving test scores Mean rank p-value

Sex
Men 36 86.0 (82.0; 92.0) 24.1 0.083
Women 16 91.0 (86.5; 94.0) 32.0 —

Age
≤20 5 88.0 (85.0; 95.0) 31.2 0.106
30s 11 90.0 (82.0; 94.0) 28.1 —

40s 7 92.0 (88.0; 96.0) 35.9 —

50s 19 88.0 (84.0; 92.0) 26.1 —

≥60 10 83.0 (67.5; 87.5) 16.7 —

Type of paralysis
Hemiplegia 32 89.0 (84.0; 94.0) 28.1 0.321
Quadriplegia 20 86.0 (79.5; 92.0) 23.9 —

Driver’s license
Yes 27 88.0 (84.0; 94.0) 28.2 0.397
No 25 86.0 (79.0; 93.0) 24.7 —

K-MMSE
≥24 39 90.0 (84.0; 94.0) *† 29.9 0.017
18–23 8 85.0 (58.5; 91.0) † 18.0 —

≤17 5 80.0 (67.0; 88.0) * 13.7 —

Neglect
Normal 41 92.0 (84.0; 94.0) * 29.3 0.031
Mild 6 85.0 (76.0; 86.5) 17.2 —

Severe 5 78.0 (62.0; 89.0) * 14.5 —

AQ
Aphasia 11 92.0 (66.0; 94.0) 28.1 0.702
Normal 41 88.0 (84.0; 94.0) 26.1 —

Total 52 84.9±15.3 — —

Note: Values aremedian (IQR), mean ± SD, or as otherwise indicated. IQR = Interquartile Range; SD = StandardDeviation; K-MMSE = KoreanMini-Mental
State Examination; AQ = Aphasia Quotient, MBI = modified Barthel Index.
All post-hoc analyses were done using the Dunn procedure. *, † indicate statistical significance in the post-hoc analysis.

Table 2. Correlation of MBI subitems with driving test scores.

MBI subitems Score Correlation coefficient p-value

Personal hygiene 4.0 (3.0; 5.0) �0.011 0.938
Feeding 8.0 (8.0; 8.0) 0.025 0.861
Dressing 6.5 (5.0; 8.0) �0.006 0.969
Toileting 8.0 (8.0; 10.0) �0.127 0.371
Ambulation 8.0 (3.0; 12.0) �0.037 0.793
Stair climbing 5.0 (2.0; 8.0) �0.011 0.938
Transferring 12.0 (12.0; 15.0) 0.025 0.861

Values are median (IQR) or as otherwise indicated. IQR = Interquartile Range; MBI = modified Barthel Index.
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them had Broca’s aphasia, measured using Kertesz’s
method.24 The participant with the lowest AQ score had
global aphasia and a low driving test score of 66 points.
Therefore, the possible influence of aphasia subtype on
driving score cannot be excluded. However, as our sample
size was too small to allow statistical analyses by aphasia
subtype, further research is needed.

Currently, there is only a vague statement of eligibility
for MBI assessment, and there are no objective specifica-
tions in the prescription criteria (Supplementary Table 1).
However, our analysis showed no correlation between
driving score and MBI subitems (Table 2).

Our test with the VR-based PMD simulator was related
to cognitive and visuospatial function, but not by ambig-
uous criteria such as MBI. Therefore, newer prescription
standards based on VR-based PMD simulator results would
save time by eliminating the need for tests that are not
related to a patient’s ability to operate a PMD.

One of the most important aspects of PMD is
safety.25,26 Currently, patients do not receive proper
driver training or safety education before or after re-
ceiving a prescription for a PMD. A recent survey found
that only 28% of PMD users had received driving safety
education and training.9

According to a 2015 survey by the Korea Consumer
Agency on the use of PMDs, 35.3% of patients who used a
PMD fewer than four times a week said that they did not use
their PMD often due to problems related to the ability to
operate the PMD, and 29.4% said they did not use their PMD
due to problems related to driving safety.27 Of 77 electric
wheelchair users in that study, 31 (40.3%) had experienced
wheelchair-related accidents, and among 210 electric scooter
users, 71 (33.8%) had experienced an accident.27 The report
adds that patients do not receive basic safety education or
driver training, which increases the risk of accidents.

Our VR PMD simulator can be used for PMD driving
training as well as for evaluating patients for PMD pre-
scriptions. Sufficient driver training with the PMD simulator
could prevent wheelchair-related accidents.15, 28 Further-
more, a simulator could provide more opportunities to
disabled people who are currently ineligible for PMD
prescriptions due to a lack of driving experience, thereby
broadening the population of eligible patients.

This study has several limitations. First, the sample size
was relatively small. Second, many participants had no
previous experience with driving a PMD. This could lead to
some bias in the findings, especially when our participants’
results are compared to the driving skills of experienced
PMD users. Third, the results with the simulator used in this
study have not yet been compared to similar tests using a
real PMD. Therefore, further research is needed to validate
the comparability of VR PMD simulator operation to actual
PMD operation. Finally, the reliability of our data could not
be confirmed as each participant completed only a singleT
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driving test; no repeated tests were performed. This was
because of the practical challenges of conducting repeated
tests with outpatient participants.

The driving ability test using the VR-based PMD simu-
lator indicated that driving ability and safety differed based
on cognitive impairment and unilateral neglect. No differ-
ences were observed based on gender, age, possession of a
driver’s license, MBI subitems, or aphasia. In patients with
brain injuries, a driving ability test using a VR PMD sim-
ulator can be an objective and safe method for compre-
hensively evaluating patients’ PMD driving skills, offering
an alternative to the current standards for PMD prescriptions.
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